radiative forcing is found over the midlatitude oceans in summer. This bias is due to an underestimation in the total cloud amount. In the tropics the simulated shortwave cloud radiative forcing is persistently larger than that derived from ERBE data. The systematic overestimation in the shortwave cloud radiative forcing at various values of the longwave cloud radiative forcing suggests that this problem is related to the neglect of sub-grid-scale cloud water content variability and its effect on the grid-averaged shortwave radiative flux. Although the tropical interannual variability of cloud radiative forcing is reasonably well reproduced by the model, the major contribution for the simulated anomalies is from the cloud water anomalies, while observations suggest the dominant factor is the total cloud cover anomalies. Lack of observations for various cloud parameters limits the attempt of further validation.
Introduction
Sunlight, reflected solar radiation, and emitted terrestrial radiation are the climate system's primary sources and sinks of energy. The spectrally dependent optical properties of the atmosphere and the Earth's surface, variable at a variety of time and space scales, further complicate the spatial and temporal distribution of the Earth's energy budget. The space-time variation of the difference between the absorbed solar radiation and the outgoing longwave radiation (OLR) then provides the fundamental energy source for driving the atmospheric circulation. Thus an accurate simulation of the geographic distribution and seasonal variation of the incoming and outgoing radiant energy is one of the basic requirements for an atmospheric general circulation model (GCM) to reproduce the present climate. Since the prime determinant of the radiation field in the atmosphere is cloud [London, 1957; Ohring and Clapp, 1980; Ramanathan et al., 1989] , it is therefore also vital for the model to realistically simulate the temporal and spatial distribution of clouds and their radiative LWCF = Fcl r -mtot
where Fcl r is the clear-sky OLR and Fto t is the OLR. Longwave cloud radiative forcing is a positive quantity, since the clear-sky OLR is, in general, larger than the total OLR. This implies that clouds tend to warm the surface-atmosphere system in the longwave. In the shortwave spectral region the cloud radiative forcing is defined as
SWCF = Sto t -Scl r (2)
where Stot is the net solar flux at the top of the atmosphere and Scar is the clear-sky net solar flux at the top of the atmosphere. Since, under identical conditions, a cloudy atmosphere reflects a larger part of the incoming solar radiation than a clear-sky atmosphere, S to t is, in general, smaller than Scar. Therefore in the shortwave, clouds act to cool the surface-atmosphere system.
Monthly mean radiative quantities from ERBE between February 1985 and January 1989 are used to derive ensemble averages for monthly and annual mean data. Missing clear-sky fluxes only exist when the missing clear-sky fluxes at a specific grid point are detected in all four years. Otherwise, the average of the available data is provided. As discussed by Kiehl et al. [1994] , though the missing data regions may raise some concerns for the comparison, the actually involved area is sufficiently small so that the derived cloud radiative forcing is still an acceptable diagnostic tool to evaluate the model simulation.
Model
The ECHAM atmospheric GCM has evolved from the spectral numerical weather forecasting model of the European Centre for Medium-Range Weather Forecasts and has been modified extensively at the Max Planck Institute for Meteorology in Hamburg for climate applications. The fourth generation ECHAM model (ECHAM4) incorporates the most recent improvements in physical representation of a wide range of key climate processes. Cloud and radiation, moisture transport, convection, cloud-turbulence interaction in the planetary boundary layer, and land surface data are the major processes under revision compared to the previous version (ECHAM3, Roeckner et al. [1992] ). These changes have direct impacts on the simulation of the Earth radiation budget. A detailed description of the dynamical and physical structure and the simulated climatology of ECHAM4 is documented by E. Roeck with the Prandtl-Kolmogorov parameterization of eddy diffusivity [Brinkop and Roeckner, 1995] . The mass flux scheme for deep, shallow, and midlevel convection [Tiedtke, 1989] has been modified with respect to the closure for penetrative convection and the formulation of organized entrainment and detrainment [Nordeng, 1995] . The deep convection closure depends on convective instability (CAPE) instead of the moisture convergence of Tiedtke [1989] . Cumulus clouds are represented by a bulk model including the effect of entrainment (organized and turbulent) and detrainment (mostly through organized outflow at cloud top) on the updraft and downdraft convective mass fluxes. Organized entrainment depends on local buoyancy and organized detrainment is derived for a spectrum of clouds [Nordeng, 1995] . The detrained fraction of the convectively generated cloud water is coupled with the stratiform (anvil) cloud water equation. Shallow and midlevel convection depend on surface evaporation and large-scale vertical velocity, respectively.
The prediction of stratiform clouds is based on the cloud water transport equation, including sources and sinks due to condensation/evaporation and precipitation formation by coalescence of cloud droplets and sedimentation of ice crystals [Sundquist, 1978; Roeckner et al., 1991] . Evaporation of cloud water and precipitation is considered. Sub-grid-scale condensation and cloud formation is taken into account by specifying height-dependent thresholds of relative humidity [Xu and Krueger, 1991; Walcek, 1994] . The same threshold is applied to both convective and stratiform cloud. The liquid, ice, and mixed-phase clouds are diagnosed according to ambient temperature [Matveer, 1984; Roeckner et al., 1991] .
A new global data set of land-surface parameters is used [Claussen et al., 1994] . These parameters, including surface background albedo, surface roughness length, leaf area index, fractional vegetation cover, and forest ratio, are constructed from the major ecosystem complex of Olson et al. [1983] . There is a temperature dependence of ice and snow albedo [Robock, 1980] , and snow albedo is also a function of the fractional forest area.
The model data are obtained from a 15-year integration prescribing observed monthly mean sea surface temperature (SST) and sea ice data from 1979 to 1993 as surface boundary forcing. However, unless mentioned elsewhere, the model results reported in this study are generally derived from a 10-year subensemble of annual and monthly means from 1979 to 1988 which is the reference period of the so-called Atmospheric Model Intercomparison Project (AMIP) data set [Gates, 1992] The same radiative quantities for January and July ensemble averages from ECHAM4 and ERBE are also listed in Table 1 . The ensemble January and July global mean total cloud cover is 0.62 and 0.59, respectively. The corresponding total cloud cover according to ISCCP data is 0.62 in both January and July. The seasonal change in total and clear-sky OLR in ECHAM4 is similar to the observed variation. Consequently, good agreement in LWCF is to be expected. In both months the absorbed In July an overestimate of planetary albedo is found in the location of the ITCZ and also in the western half of the northern hemisphere ocean basins. The simulated marine stratacumulus regime off the west coast of the continents is indicated by local maxima in planetary albedo, but the magnitude is generally smaller than ERBE data suggest. There are underestimates of planetary albedo in the northern hemisphere midlatitudes, especially over the storm track regions, related probably to an underprediction of low cloud amount.
Comparison of Model Results and Satellite
Next, we will illustrate the radiative effect of clouds by examining the distribution of cloud radiative forcing. The modelgenerated geographic distribution of total cloud cover in January and July is shown in Figures 5a and 5b, 
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A denotes the seasonal perturbation of a given quantity about its annual mean value. S, o/tot, and o/clr denote the solar irradiance, albedo, and clear-sky albedo, respectively. The seasonal variation of ASWCF is shown in Figures 16a and 16b . The month-latitude distribution of ASWCF is reasonably well simulated by ECHAM4; however, the amplitude is too large in the tropics (cf. Figure 14) . In the northern hemisphere midlatitudes the simulated ASWCF amplitude is smaller than observed, while the opposite is found in the southern hemisphere. The opposite signs of ALWCF and ASWCF clearly show the major influence from the seasonal cloud amount changes, since an increase in cloud amount will simultaneously increase the Changes in cloud radiative forcing can be caused by changes in cloud amount, cloud vertical structure, and cloud optical properties. We discuss further the possible causes for the observed and simulated SWCF and LWCF anomalies. From the model output, the above cloud-related quantities can be retrieved easily. However, the climatological cloud observations other than total cloud amount are not very reliable and cannot reveal the complete picture in the vertical distribution due to the limitation of the data sampling. In addition, there are spurious changes found in the observed data set [Klein and show that both phase and amplitude of the LWCF anomalies are captured by ECHAM3. The simulated SWCF anomalies, however, are systematically larger than those observed. In this section the same analysis is applied to the new model (ECHAM4). High-frequency noise is eliminated from all data by a 5-month running mean operator. The temporal evolution of SST anomalies (5øN-5øS) along the equator, calculated from the AMIP data set for the same time period for which ERBE observations are available, is shown in Figure 21 hand, would certainly improve the LWCF but deteriorate the SWCF and therefore the surface energy budget and strength of the hydrological cycle. In this case, the underestimate of LWCF appears to be a lesser evil.
In conclusion, in order to improve both components of the cloud radiative forcing, high priority should be devoted to the development of cloud and radiation parameterizations which allow to compute the mean as well as the variance of cloud water, including its effect on radiative transfer.
In addition to an overall good reproduction of the observed mean seasonal cycle the interannual variability of the simulated cloud radiative forcing in the tropics is also in good agreement with ERBE observations. The influence of interannual variations of tropical sea surface temperatures and associated changes of tropical circulation on the cloud radiative forcing is apparent. We also find that the simulated anomalies of shortwave cloud radiative forcing are slightly larger than those revealed in ERBE data. Further analyses suggest that the anomalies found in the model are mostly due to variations in cloud water path and therefore in cloud radiative properties 
